The accuracy of a method of data reduction for determining acoustic backscatter coefficients was tested using focused transducers and narrow-band pulses. Two phantoms with welldefined scattering properties were the bases of the tests, one having low attenuation and one with tissue-mimicking attenuation. The experimentally determined backscatter coefficients were found to be independent of transducer-to-scattering-volume distance and to agree very well with theoretical values, typically within 10%.
INTRODUCTION
The derivation of a method of data reduction for accurately measuring backscatter coefficients from time-gated echo signals appears in Reft 1. The theory underlying that method is very general in terms of the applicability for broad ranges of experimental conditions. For example, the method can be applied for any combination of transducer-to-scattering-volume distance, duration and shape of the time gate, transducer geometry, and ultrasonic characteristics of the propagating medium.
Rigorous testing of the accuracy of the method was reported by Insana et al. 2 for the case of nonfocused diskshaped transducers. These tests were performed using wellcharacterized scattering samples consisting of glass bead scatterers randomly distributed in an agar matrix. Backscatter coefficients for these samples were independently computed, based on the physical properties of the constituent matedhals, using the theory for individual particle scattering by Faran. 3 Experimentally determined backscatter coefficients were in excellent agreement with computed values (typically within about 10% ) for a broad range of diagnostically useful frequencies. Backscatter coefficient measurements obtained using the method were also shown to be independent of transducer-to-scattering-volume distance for gate durations of 5 cycles or more. Accurate gray-scale imaging of backscatter coefficients is an exciting application of the data reduction method, and use of focused transducers is important for resolution considerations. Use of focused transducers for making backscatter coefficient measurements on small samples in vitro is also important since appropriate volumes for measurement are often only a few cubic centimeters.
It is crucial, however, to verify experimentally the accuracy of the data reduction method for focused transducers, and this verification is the subject of the present paper. It has been recognized 4 that accurately accounting for pressure beams and other instrumental parameters is important in the data reduction. It is shown in this paper that our method of Two assumptions are made regarding the scattering medium. The first approximation is that the scattered wave fronts are assumed to be spherical in the region of the transducer face. Making this assumption implies that scattering is monopolar or that the scattering volume is sufficiently far from the transducer that angular variations in the scattered pressure waves over the receiving transducer are negligible. Second, it is assumed that the scatterers are randomly distributed in space but that the mean number of scatterers per unit volume is macroscopically uniform in the interrogated region.
The backscatter coefficient r/at frequency coo is given by 
II. TRANSDUCER PARAMETERS
To calculate the function Ao(r,co) for a focused transducer, it is necessary to know the projected diameter and radius of curvature of its radiating element. As O'Neil has shown, 7 the directivity function s for a planar circular disk accurately describes the relative pressure amplitude in the "focal plane" of a weakly focused transducer driven by a sinusoidal voltage. The focal plane is defined as a plane perpendicular to the axis of symmetry of the radiating element and passing through the center of curvature of the radiating element. Agreement with the directivity function is unique to this plane, and this fact can be used to determine, experimentally, the radius of curvature and projected radius as This procedure was used to determine the radius of curvature and effective aperture for three transducers employed in this work. Table I shows the nominal resonant frequency, radius of curvature, and effective transducer aperture for each transducer. In each case, the carrier frequency of the narrow-band pulses used to determine the projected diameter and radius of curvature was chosen to equal the nominal frequency specified by the manufacturer.
III. SCATTERING MATERIALS
Two phantoms were used in this study, one a cylinder (13-cm diameter, 6 cm thick), called phantom 1, and the other a rectangular parallelepiped (6 X 13 X 16 cm), called contribution to the backscatter coefficient is negligible compared to that of the glass beads. This fact was verified using a sample containing graphite powder, but no glass beads. Ultrasonic speeds and frequency-dependent attenuation coefficients were measured using a through transmission technique * at 20 *C. Ultrasonic speeds were measured at a single frequency, and the attenuation was measured at five discrete frequencies between 1 and 7 MHz. Attenuation coefficients were then curve fitted assuming the functional form where tO is frequency and a t and a2 are constants. The small dependence of ultrasonic speed on frequency was determined using the Kramers-Kronig relation given by GinzbergSø and was used in computing the complex wavenumber.
Ultrasonic speeds, attenuation coefficients, and densities for both phantoms are given in Table II. Backscatter coefficients for these phantoms were computed independently using the theory of Faran. Required parameters for the glass beads were the density (2.4 g/cm'), Table II . Backscatter coefficients were computed for each particle size in the distribution (such as shown in Fig. 4) , and these results were combined in a weighted sum as described in Ref.
2.

IV. EXPERIMENTAL
APPARATUS AND PROCEDURE Figure 5 shows a block diagram of the experimental apparatus for measuring backscatter coefficients. This apparatus is very similar to that described in Reft 2 with refinements involving the transient recorder, computer, and a computer-controlled three-axis positioning device. A signal generator was used to create 5-/•s sinusoidal pulses. These pulses were then amplified and used to drive the transducer. The pulse repetition frequency was adjusted so that all echoes from the phantom due to one pulse were received before the next pulse occurred. A stepless electronic gate, 10/rs in duration, was used to select echo signals corresponding to a and for depths ranging from the nearfield into the focal region. Figure 10 shows a plot of results at 2.25 MHz with phantom 2 and the transducer being maintained in contact with the phantom for all depths interrogated, as depicted in Fig.  6 . Thus •/was measured at depths from 2 to 15 cm with tissuelike attenuation present over the entire acoustic path.
In Fig. 11 are shown values of r/for phantom 1 measured over a range of frequencies from 2-6 MHz.
Vl. DISCUSSION
The accuracy of the backscatter coefficients determined experimentally was discussed in the previous section. It is also important to discuss our estimate for the accuracy of the values computed using the theory of Faran. The value was computed using the expression For almost all experimental situations, very good agreement was found between experimentally determined backscatter coefficients and those predicted using the theory of Faran (which employs bulk physical properties of spheres and their surroundings). However, in the ease of the lowattenuation phantom (see Figs. 7 and 8 ) , there was a tendeney for the experimental values to become elevated as the transducer-to-scattering-volume distance was decreased below 4 or 5 cm. The elevation above the theoretical values is significant only at 3 cm for both the 2.25-MHz case (Fig. 7) and the 5-MHz case (Fig. 8) The ability to accurately measure backscatter coefficients employing focused instead of nonfocused transducers allows significant reduction in the volume of matedhal necessary to estimate this parameter or, conversely, to increase the amount of data available from a given volume. When this is combined with the broad range of transducer-to-scattedhngvolume distances available, formation of accurate grey-scale backscatter coefficient images is facilitated in which the resolution is reasonably good. Formation of such images is the subject of another paper. •3
VII. CONCLUSIONS
Using phantoms with low or tissuelike attenuation, we have verified that the method of data reduction employed in this work accurately determines backscatter coefficients for the following combination of experimental conditions: ( 1 ) use of focused transducers; (2) transducer-to-scatteringvolume distances extending from the near field through the farfield of the pressure beam; (3) relatively narrow-band pulses and long gate durations; and (4) frequencies in the diagnostic ultrasound range.
